Introduction
The unique photophysical properties of the lanthanoid ions, such as characteristic line-like emission spectra and long luminescence lifetimes, have made them key elements in a range of technological applications. [1] [2] [3] [4] Particular interest has been paid to the lanthanoids, Nd 3+ , Er 3+ and Yb 3+ , exhibiting near infrared (NIR) emission because of their potential applications in biological imaging 4, 5 and telecommunications. 6 To obtain highly efficient emissive lanthanoid complexes, their chemical nature must be carefully designed accounting for the nature of interconfigurational electronic f-f transitions. Indeed, f-f transitions are parity and often spin forbidden, and as such are characterized by low absorption coefficients. Therefore, an alternative sensitization pathway is required. The most common approach involves the use of organic ligands that are capable of harvesting light to be excited into their singlet manifold, which will consequently transfer energy to the lanthanoid excited states after intersystem crossing to the corresponding triplet excited state. 8, 9 This sensitization mechanism is commonly known as the antenna effect. Different NIR luminescent lanthanoid complexes and materials have been developed over the past decades. [10] [11] [12] [13] [14] However, the overall quantum yields typically remain much lower 15 when compared to their analogous visible emitters. [16] [17] [18] The main reason for this behaviour is the facile quenching of the excited states of NIR emitters, particularly via multiphonon relaxation caused by high frequency vibration of OH, NH, and CH bonds in close proximity to the metal center. 14, 19 Commonly explored strategies to increase the efficiency of NIR luminescence include perdeuteration or perfluorination of the coordinated ligands. 10, 11, [20] [21] [22] [23] This strategy is effective as O-D and C-F bonds are less efficient in quenching lanthanoid excited states due to their lower stretching frequencies. The downside of this approach is the severe limitation imposed by perdeuteration or perfluorination on ligand design, availability and cost, including the fact that deuteration might not be a commonly available option in synthetic laboratories. More recently and less explored as a strategy, is the alteration of the donor atoms of the coordinated ligands in Yb 3+ cryptates to increase the efficiency of NIR emission. 24 This particular design offers increased quantum yields by exploiting an increase of the radiative decay constant, kr, in contrast to the reduction of the non-radiative decay constant, knr, obtained by perdeuteration or perfluorination of the ligands. Recently, we have been interested in investigating the structural and photophysical properties of lanthanoid βtriketonate complexes. This investigation has been initiated by the lack of available data on these systems, whose ligands can be simply obtained via a Claisen condensation reaction of the well-known β-diketonate ligands, ubiquitous in lanthanoid chemistry. The peculiar feature observed for this system is the tendency to form tetranuclear complexes of the general formula [LnAeL4]2 (where Ln is a lanthanoid cation, Ae is a cationic alkaline elements, and L is a β-triketonate ligand), which can be either discrete complexes 25 or repeating units in monodimensional polymers. 26, 27 In the case of Yb 3+ , these assemblies displayed favourable NIR emission and were also found to be suitable as emitters in NIR-emitting organic lightemitting diodes. 28 Unfortunately, their poor solubility in organic solvents limited the depth of the photophysical investigation of these systems. To better understand the design rules required for improved NIR emission, the photophysical properties of a library of complexes of formulation [Ln(tbm)3(phen)] (Ln 3+ = Eu 3+ , Er 3+ and Yb 3+ ; tbm -= tribenzoylmethanide) was directly compared to those of [Ln(dbm)3(phen)] (Ln 3+ = Eu 3+ , Er 3+ and Yb 3+ ; dbm -= dibenzoylmethanide). 29 This study demonstrated only a small enhancement of the NIR emitting properties of the Yb 3+ complexes, likely due to the removal of the α-CH bond on passing from dbmto tbm -. However, the photoluminescence lifetimes and quantum yields did not rival those found for the assemblies, which suggested that the NIR emission of the tetranuclear based complexes were most likely enhanced due to other factors related to their specific structure and composition.
In the present investigation, we have synthesised a new βtriketone bearing 2-naphthoyl substituents, tris(2naphthoyl)methane (tnmH). The original idea was to investigate whether the 2-naphthoyl substituents would enhance the solubility of [LnAeL4]2 in organic solvents and favour the sensitization of the NIR lanthanoids by lowering the energy of the ligand triplet state upon increased conjugation with respect to tbm -. However, and despite multiple attempts, no such assembly structures could be obtained with the tnmligand. On the other hand, a family of soluble mononuclear complexes with formula [Ln(tnm)3(DMSO)2] (Ln 3+ = Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ and Yb 3+ ) was isolated. The fact that these complexes are soluble allowed us to fully analyse their photophysical properties, including overall quantum yields, intrinsic quantum yields based on calculated radiative decays and sensitization efficiencies. Indeed, full quantitative characterization in the NIR is found to be scarce in the literature with only a limited set of examples reporting sensitization efficiencies. One of the most spectacular examples is a Yb 3+ based molecular system using a perfluorinated porphyrin as the antenna and a tripodal Kläui coligand, which presents a sensitization efficiency of 100%. 23 However, there is a dearth of reports on the comprehensive photophysical characterization of β-diketonate containing complexes of Yb 3+ . This makes comparison with other ligand moieties difficult and hinders the systematic development of these readily synthesized systems. In this report, we include full quantitative photophysical characterization, based on experimentally calculated radiative decays, which have been proven to range from 0.5 to 1.3 ms in solution. 8, 30 In particular, [Yb(tnm)3(d6-DMSO)2] possesses a lifetime of 40 µs, an intrinsic quantum yield of 6%, and a sensitization efficiency of 50%, thereby showing an improved photophysical behavior in comparison to our previously reported β-triketonate-based complex. 10, 31, 32 This complex has, to the best of our knowledge, optimal photophysical properties for Yb 3+ β-diketonate-based coordination complexes including perfluorinated [31] [32] [33] [34] and deuterated compounds. 10, 21 Furthermore, this study shows how DMSO is a preferable ancillary ligand for NIR-mononuclear complexes in comparison to the commonly used 1,10phenathroline, phen.
Experimental

General procedures
All reagents and solvents were purchased from chemical suppliers and used as received without further purification. Hydrated LnCl3 precursors (Ln = Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ , Yb 3+ ) were prepared by the reaction of Ln2O3 with hydrochloric acid (5 M), followed by evaporation of the solvent under reduced pressure. Infrared spectra (IR) were recorded on solid-state samples using an attenuated total reflectance Perkin Elmer Spectrum 100 FT-IR. The spectra were recorded from 4000 to 650 cm -1 . The intensity of the IR bands is reported as strong (s), medium (m), or weak (w), with broad (br) bands also specified. Melting points were determined using a BI Barnsted Electrothermal 9100 apparatus. Elemental analyses were obtained using a Perkin Elmer PE 2400 CHN Elemental Analyser at Curtin University, Australia. Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Avance 400 spectrometer (400.1 MHz for 1 H; 100 MHz for 13 C) at 300 K. The data were acquired and processed by the Bruker TopSpin 3.1 software. All of the NMR spectra were calibrated to residual solvent signals.
Selected equations.
The values of the radiative lifetime (τR), and intrinsic quantum yield (Ф Ln Ln) can be calculated with the following equations. 36 In equation 1, the refractive index (n) of the solvent is used (assumed value of 1.5 in the solid state). The value 14.65 s -1 is the spontaneous emission probability of the 7 F1← 5 D0 transition reported previously. 35 ITot is the total integrated intensity of the Eu 3+ emission spectrum, and IMD is the integrated intensity of the 7 F1← 5 D0 band.
= 2303
<=>? @ A B @ (DEF!)
In equation 2, NA is Avogadro's number (6.023 10 23 mol -1 ), whereas J and J' are the quantum numbers for the ground and excited state of Yb 3+ , respectively. 30
In equation 3, τobs is the observed lifetime.
Radiative and non-radiative constants can also be calculated from the radiative and observed lifetime decays, following equations 4 and 5.
Finally, the sensitization efficiency (ηsens) can be determined using equation 6, where Ф QR Q is the overall quantum yield obtained experimentally with an integrating sphere.
Photophysical measurements
Absorption spectra were recorded at room temperature using a Perkin Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady state emission and excitation spectra were recorded using an Edinburgh FLSP980-stm spectrometer equipped with a 450 W xenon arc lamp, double excitation and emission monochromators, a Peltier cooled Hamamatsu R928P photomultiplier (185-850 nm) and a Hamamatsu R5509-42 photomultiplier for detection of NIR radiation (800-1400 nm). Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by a calibration curve supplied with the instrument. Quantum yields were measured with the use of an integrating sphere coated with BenFlect. 47 Excited-state decays (τ) were recorded on the same Edinburgh FLSP980-stm spectrometer using a microsecond flashlamp, set at excitation wavelength of 350 nm, and monitored at the maximum emission wavelength being 980 nm, 1080 nm, 612 nm and 645 nm for Yb 3+ , Nd 3+ , Eu 3+ and Sm 3+ complexes, respectively. The goodness of fit was assessed by minimizing the reduced χ 2 function and by visual inspection of the weighted residuals.
To record the luminescence spectra at 77 K, the samples were placed in quartz tubes (2 mm diameter) and inserted in a quartz Dewar filled with liquid nitrogen. All the solvents used in the preparation of the solutions for the photophysical investigations were of spectrometric grade.
Synthesis
Synthesis of di(2-naphthoyl)methane (dnmH)
The dnmH precursor was synthesized via Claisen condensation following a previously reported procedure. 36
Synthesis of tris(2-naphthoyl)methane (tnmH)
2-Naphthoic acid (826 mg, 4.8 mmol) was added to thionyl chloride (5 mL, 25.6 mmol) and heated at reflux for 2 hours. After this time, the solvent was removed under reduced pressure and the remaining solid 2-naphthoyl chloride was immediately added to THF (20 mL Crystallographic data for the structures were collected at 100(2) K on an Oxford Diffraction Gemini or Xcalibur diffractometer fitted with Mo-Kα or Cu-Kα radiation. Following Lp and absorption corrections and solution by direct methods, the structures were refined against F 2 with full-matrix least-squares using the program SHELX-2014. 37 Anisotropic displacement parameters were employed for the non-hydrogen atoms. All hydrogen atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on those of the parent atom. The complete crystallographic data for the structures reported in this paper have been deposited at the Cambridge Crystallographic Data Centre with supplementary publication numbers given below. Copies of the data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: (+44) 1223-336-033; or e-mail: data_request@ccdc.cam.ac.uk X-ray data refinement 
Results and discussion
Synthesis of the lanthanoid complexes.
The tnmH ligand was synthesized following a similar procedure to that previously reported for analogous β-triketones. 26, 28 Given our previous study highlighting retro-Claisen reactivity for β-triketonates, 38 the stability of tnmH in deuterated DMSO (ca. 10 -2 M) and in the presence of one equivalent of KOH was verified by 1 H-NMR. The sequential spectra showed no change in the resonances belonging to tnmH and no appearance of new resonances over 5 days thereby confirming the stability of this ligand under the complexation conditions (see supplementary information). Three equivalents of tnmH and three equivalents of KOH were made to react with one equivalent of hydrated LnCl3 (Ln 3+ = Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ , Yb 3+ ) in DMSO. Single crystals suitable for X-ray diffraction were collected by slow diffusion of ethanol into the DMSO solution, with moderate yields of around 30%. Elemental analyses suggest the formation of monomeric species with formula [Ln(tnm)3(DMSO)2] for all the trialled lanthanoid cations (with variable degree of solvation), which were consistent with the X-ray structure determinations. The complexes display octacoordinated Ln 3+ centers surrounded by six O-keto atoms from three tnmligands and two O atoms from two coordinated DMSO molecules. Overall, the eight O atoms from the ligands are arranged into a slightly distorted triangular dodecahedron (Figure 1 ). Intermolecular interactions are found between the uncoordinated keto O (22, 32) atoms and methyl groups of DMSO molecules bound to neighbouring lanthanoid centers (O22….C1, 3.019Å; O32…C4, 3.187Å). 
Photophysical investigation
The photophysical data, which include excited state lifetime decay (τobs), calculated radiative decay (τR), intrinsic photoluminescence quantum yield (Φ QR QR ), overall photoluminescence quantum yield (Φ QR Q ), and calculated sensitization efficiency (ƞsens), for Eu 3+ and Yb 3+ are reported in Table 2 , while associated data for the relatedSm 3+ and Nd 3+ complexes can be found in the supplementary information.
The energy of the lowest singlet (25,907 cm -1 ) and triplet excited state (19,250 cm -1 ) of the tnmligand were estimated at the 0phonon transition of the emission band originating from the [Gd(tnm)3(DMSO)2] complex in a frozen acetonitrile matrix (see supporting information). The energy of the triplet state is the lowest found for the family of β-triketonates molecules investigated to date, which is ascribed to the increased πconjugation within the naphthyl substituents. The triplet excited state of tnmshould be able to promote sensitized nearinfrared emission for the Yb 3+ and Nd 3+ complexes. The energy gap between the triplet excited state of tnmand the accepting states of Eu 3+ ( 5 D1 ~19,000 cm -1 and 5 D0 ~17,200 cm -1 ) 39 and Sm 3+ ( 4 G5/2 ~18,000 cm -1 ) is lower than 3,500 cm -1 and, therefore back energy transfer might be expected to some extent at room temperature. 40 In each case, the lanthanoidcentered emission of the complexes appears to be the result of the antenna effect, as broad excitation spectra analogous to the absorption profiles of the tnmligand are observed (see supporting information).
[Yb(tnm)3(DMSO)2]
Characteristic Yb 3+ NIR centered emission was observed in the 900-1100 nm region from the [Yb(tnm)3(DMSO)2] acetonitrile solution at room temperature, 77 K, and solid state ( Figure 2 ). The band corresponding to the spin allowed 2 F7/2← 2 F5/2 transition is split into four peaks, consistent with Kramer's degeneracy, with the two lower energy peaks being quasidegenerate due to crystal field effects. A shoulder in the 930-960 nm region is visible from measurements in solution and solid state at room temperature, which is ascribed to emission from hot excited states. This conclusion is corroborated by the fact that this shoulder is absent in the emission spectrum measured at 77 K. In all three cases, the excited lifetime decays were fitted to monoexponential functions. The overall quantum yields in solution were calculated relative to a toluene solution of [Yb(tta)3(phen)] (tta = thenoyltrifluoroacetonato; phen = 1,10-phenanthroline), used as a standard. The overall quantum yields in the solid state were measured following a previously reported procedure with the use of an integrating sphere and two different detectors (visible and NIR). 29
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-9 a Quantum yield relative to a solution of [Yb(tta)3(phen)] (phen = 1,10-phenanthroline; tta = thenoyltrifluoroacetonato) in toluene (Ф L Ln=1.6%). 10 b Measured with the use of an integrating sphere. In the case of acetonitrile at room temperature, the observed excited state lifetime decay was found to be 39 µs and the overall quantum yield was 3.6%. The radiative decay was calculated from the absorption band corresponding to the direct excitation of the Yb 3+ center (Figure 3 ). Following a modified Einstein equation (Eq. 2), the radiative decay was calculated to be 0.53 ms, which is comparable to previous reports in the literature, 30 but much shorter than the standard assumption of 1.2 ms for Yb 3+ complexes in solution. 8 This is not surprising, as radiative lifetimes are known to vary significantly, depending on the coordination environment and identity of the donor atoms in the coordinating ligands. 15, 24 The intrinsic quantum yield was then calculated (7.4%) giving a sensitization efficiency of 49%. These values are higher than our previously published mononuclear β-triketonate based complex [Yb(tbm)3(phen)] (τobs = 18 µs and Ф L Ln = 1.16%) 29 and nondeuterated β-diketonate based systems 10, 31, [41] [42] [43] . In order to better understand the reason for such an improvement, the radiative decay of the previously reported [Yb(tbm)3(phen)] was also determined to be 0.78 ms following the same methodology ( Figure 3 ). This value was found to be longer than the radiative decay of [Yb(tnm)3(DMSO)2] (τR= 0.53 ms) where the two molecules of DMSO complete the coordination sphere with two O donor atoms instead of the two N atoms of phen. These results are consistent with those found in the literature where the radiative decay of Yb 3+ -based cryptates was shortened when chelating via 2,2'-bipyridine-N,N'-dioxide (bpyO2) instead of 2,2'-bipyridine (bpy). 24 With the value of the radiative lifetime in hand, the intrinsic quantum yield was calculated to be 2.3%, giving a sensitization efficiency of 50% and indicating analogous antenna effects from the tnmand tbmtowards Yb 3+ . On the other hand, the magnitude of the non-radiative decay constant (knr) for both complexes, [Yb(tnm)3(DMSO)2] (knr= 2.37·10 4 s -1 ) and [Yb(tbm)3(phen)] (knr= 5.43·10 4 s -1 ), suggests that the higher value of intrinsic quantum yields for [Yb(tnm)3(DMSO)2] is due to a combination of less efficient nonradiative pathways occurring in the case of the DMSO complex and with a shorter radiative decay constant. To further validate this hypothesis, the analogous deuterated [Yb(tnm)3(d6-DMSO)2] was investigated. As can be seen comparing the data in Table 2 for the two complexes coordinated to nondeuterated and deuterated DMSO, the excited state lifetime decay and overall quantum yield values are virtually the same when factoring in instrumental uncertainties. Given the ease of coordination of DMSO, these data suggest that to obtain efficient Yb 3+ emitters the choice of this solvent to complete the coordination sphere is better than a conjugated chelating ligand with N atoms as donors such as phen as the latter contains with C-H bonds in closer proximity to the Yb 3+ center. When the excited state lifetime decays were measured in a frozen matrix for [Yb(tnm)3(DMSO)2] and [Yb(tnm)3(d6-DMSO)2], only a slight elongation was found in both cases and in agreement with the fact that no thermally activated backtransfer is accessible from the 2 F5/2 excited state of Yb 3+ . In the solid state, [Yb(tnm)3(DMSO)2] and [Yb(tnm)3(d6-DMSO)2] are found to be isomorphous as determined via single crystal Xray diffraction. The excited state lifetime decay and quantum yield of the complex bound to deuterated DMSO appear to be slightly higher that the non-deuterated complex, potentially suggesting quenching pathways from lattice solvent molecules.
[Nd(tnm)3(DMSO)2]
The Nd 3+ complex displays characteristic emission peaks that are attributed to the 7 IJ← 4 F3/2 (J= 9/2, 11/2, 13/2) transition in the 900-1400 region (Figure 4 ) The structure and splitting of the bands is a consequence of the crystal field effects. The excited lifetime decay was found to be monoexponential in both media after deconvolution from instrumental response. The values of overall quantum yields were recorded in a similar manner to the Yb 3+ complex. In this case the photophysical data is comparable in both systems with lifetimes of 10 µs and 11 µs and overall quantum yields of 0.4% and 1.2% for the acetonitrile solution and solid state, respectively. The emission bands at 77K, are visibly more structured and the lifetime decay (10 µs) is comparable to the room temperature value. 
[Eu(tnm)3(DMSO)2]
The emission spectra of [Eu(tnm)3(DMSO)2] in the three different media show the characteristic Eu 3+ line-like bands attributed to the 7 FJ← 5 D0 (J= 0-4) transition in the region 550-750 nm ( Figure 5 ). The 7 F0← 5 D0 peak appears narrow for the solid state and frozen matrix (~35 cm -1 ) suggestive of the presence of a unique Eu 3+ site. 35 The peak appears broader in acetonitrile solution at room temperature (~70 cm -1 ), which is ascribed to the higher degree of freedom and the flexible coordination geometry of lanthanoid cations. The slightly different splitting of the 7 F1← 5 D0 and the 7 F2← 5 D0 bands suggests different degrees of distortion between the different media. In the three cases, the excited lifetime decays were satisfactorily fitted to monoexponential functions. In the case of the acetonitrile solution at room temperature, the values of observed lifetime and radiative decay were found to be 20 µs and 1.37 ms, respectively, giving an intrinsic quantum yield of 1.4%. The short lifetime value and low quantum yield values suggest efficient quenching of the 5 D0 excited state, which might be ascribed to back energy transfer. This explanation is also supported by the very low value of the overall quantum yield (0.24%), thus resulting in a poor sensitization efficiency of 14%. When the same measurements were performed in the solid state the emission lifetime (117 µs), intrinsic quantum yield (7.9%) and overall quantum yield (0.7%) suggest that back energy transfer is also occurring here as well. To support our conclusion, the measurements were performed at 77 K, where back energy transfer is unlikely to occur, and the observed lifetime decay increased to 394 µs with an intrinsic quantum yield of 45%. 
[Sm(tnm)3(DMSO)2]
The emission spectrum of the Sm 3+ complex in the three media showed the characteristic 6 HJ ← 4 G5/2 (J= 5/2, 7/2, 9/2 and 11/2) transitions in the region 550-750 nm ( Figure 6 ). However, ligand emission is also observed in the case of the acetonitrile solution at room temperature as expected from poor sensitization due to back energy transfer (BET) from the triplet state of the ligand to the 4 G5/2 of Sm 3+ . This is supported by the results found at 77K, where suppression of the ligand emission is observed by restriction of BET. The values of observable lifetime were found to be 7.74 µs, 9.34 µs and 142 µs in the solid state, room temperature acetonitrile and glassy acetonitrile, respectively. The elongation of the lifetime found at 77K further confirms the restriction of BET. 
Conclusions
A synthetic pathway to make soluble and stable β-triketonatebased complexes has been reported, resulting in a new family of mononuclear complexes with formula [Ln(tnm)3(DMSO)2] for Ln 3+ = Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ and Yb 3+ . The full photophysical characterisation of the Yb-emitting complexes, has allowed us to determine that DMSO acts as a potentially better ancillary ligand than the often utilized phen, as it seems to reduce nonradiative decay pathways. In particular, [Yb(tnm)3(d6-DMSO)2] presents a sensitization efficiency of 50% with a relatively high overall quantum yield of 6%, which are improved photophysical properties in comparison to their β-diketonate analogues.
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